modulator for helicase activity (7, 8) . Both NS4A and NS4B have also been implicated in driving the re-organization of cellular membranes observed in virus-infected cells (5, 6) .
Numerous positive strand RNA viruses have been shown to induce subcellular membrane alterations to promote their replication. These include rubiviruses (9-11), nodaviruses (12) , picornaviruses (13, 14) , arteriviruses (15) , coronaviruses (16, 17) , alphaviruses (18) (19) (20) , as well as flaviviruses (3, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Combined immunoelectron microscopy (IEM) and electron tomography (ET) studies have provided significant insight into the architecture of flavivirus-induced membrane structures associated with functional replication complexes within mammalian cells (22, 28, 31) . A complex set of DENVmodified structures, including double membrane vesicles (Ve) enclosed within membrane packets (Vp), convoluted membranes (CM), and tubular structures (T) are observed covered by a single continuous ER membrane (28) . Ve are comprised of viral RNA, replication proteins, and probably cellular proteins and form the replication complex where RNA synthesis occurs (28, (32) (33) (34) . CM are likely to be the sites for viral protein translation and processing as shown with Kunjin virus infected Vero cells (3) . IEM analyses on Huh-7 cells have also suggested that the CM consists of a pool of nonstructural proteins and lipids involved in DENV replication (28) .
The morphological characteristics of virus-induced structures have been well addressed for mammalian cell systems. However, little is known about these structures within cells of the insect vector. Although the morphological structures induced by DENV within mosquito cells had been examined by transmission electron microscopy (TEM) (23, 24) , the limitation of conventional chemical fixation for sample visualization presents obstacles in obtaining sufficient morphological detail. Here we exploited the advantage of on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from high pressure freezing (HPF) and freeze-substitution (FS) techniques to improve the preservation of virally modified structures within DENV-infected C6/36 cells. We applied a combination of molecular virology and electron microscopy techniques (immuno-electron microscopy: IEM and electron tomography: ET) to obtain a three-dimensional perspective of DENV replication, assembly, and budding within cells derived from the insect vector.
MATERIALS AND METHODS

Cells, viruses and antibodies
C6/36 cells, a mosquito cell line (ATCC), were maintained in minimum essential medium (MEM) supplemented with 2 mM L-glutamine, 0.1 mM nonessential amino acids (Gibco; Grand Island, NY), and heat-inactivated 10% fetal bovine serum (FBS) (SigmaAldrich, St. Louis, MO) at 30°C in the presence of 5% CO 2 . Huh-7 cells were seeded in Dulbecco's modified eagle medium (DMEM) (Gibco; Grand Island, NY) supplemented with heat inactivated 10% FBS at 37°C with 5% CO 2 . MEM and DMEM containing 2% FBS were used to maintain DENV-infected C6/36 cells and Huh-7 cells, respectively. DENV 
Quantitative real-time RT-PCR
Measurement of intracellular viral RNA was performed using quantitative real time RT-PCR (qRT-PCR) (35) . Infected cells were lysed with Trizol reagent according to the manufacturer's protocol (Invitrogen; Carlsbad, CA) and total RNA was recovered by chloroform precipitation. qRT-PCR was performed using a Taqman probe amplification system (Invitrogen; Carlsbad, CA). As a standard reference for measuring viral RNA quantity, 10-fold serial dilutions of a known concentration of full-length in vitro transcribed DENV-2 RNA covering the range of 8.67 × 10 3 -8.67 × 10 8 copies / ml was used along with the samples. A standard curve was then used to calculate the viral RNA concentration in the samples, and the data was expressed as RNA copies / total cells and RNA copies / cell.
Focus immunoassay titration
Focus immunoassay titration was used to determine the titer of infectious DENV-2 as described previously (36) hr. Thin sections of resin-embedded cells were prepared using an ultramicrotome (Leica;
Bannockburn, IL), placed on formvar-carbon coated copper grids and stained with 2% uranyl acetate followed by Sato's Lead. The sections were then examined using a CM-10 transmission electron microscope (Philips) at 80 kV. Approximately 50 cell profiles (18) were randomly observed for the presence of the virus-induced structures and the number of Vp and Ve per 10 cell profiles was determined at different time points following virus adsorption.
High-pressure freezing and freeze-substitution
DENV-infected cells on sapphire discs or cell pellets harvested at 48 hr after virus adsorption were placed into the EM PACT2 membrane carrier shortly before they were subjected to rapid freezing using the EM PACT2 High Pressure Freezer (Leica; Bannockburn, IL). The frozen cells were then subjected to FS using the AFS2 Automatic Freeze Substitution System (Leica; Bannockburn, IL). Briefly, frozen cells were stained in 1% For immunoelectron microscopy, the cells were subjected to HPF and FS in 2% uranyl acetate at -90°C for 8 hr then warmed to -30°C in increments of 5°C / hr. The temperature was held at -30°C for another 8 hr before it was raised to 0°C for further dehydration in ethanol. Cells were then subjected to infiltration using a series of HM20 
Electron tomography
Resin-embedded blocks of DENV-infected C6/36 cells were cut to a thickness of 250 nm and placed on formvar-carbon coated slot grids. Sections were post-stained with 2% uranyl acetate followed by Sato's Lead. Ten-nm gold particles were applied on both sides of the sections to serve as a fiducial marker. Grids were placed in the Autoloader™ sample holder on a Titan Krios electron microscope (FEI; Eindhoven, Netherlands) operated at 300
kV. Digital images were recorded as a single-axis tilt series across a range of -60° to 60° in 1° increments using a 4k Ultrascan 950 (Gatan; Warrendale, PA). Images were acquired at a defocus level of -0.2 μm. Tomograms were reconstructed using the IMOD software package (version 4.3.7) (37). The three-dimensional surface models were generated by manually tracing the areas of interest from unfiltered tomograms followed by smoothing labels and gap filling.
RESULTS
Measurement of DENV replication parameters within mosquito cells
In order to establish the most suitable time point for EM analysis of DENV-infected C6/36 mosquito cells, a single-step kinetic study was employed to measure DENV infection 
Distribution of dengue viral proteins and newly synthesized viral RNA in the cell
To analyze the localization of viral proteins within the DENV-induced structures,immunofluorescence microscopy was performed on DENV-infected C6/36 cells.
At 48 hr p.i., infected cells were fixed and reacted with antibodies specific for the following viral proteins: C, prM, E, NS1, NS3, and NS5. These antibodies displayed distinct staining on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from patterns in DENV-infected cells when compared to mock-infected cells. C, prM, NS1, and NS3 were distributed in the perinuclear region whereas NS5 was observed predominantly in the nucleus (Fig. 5A ). The C protein displayed small speckled patterns of staining, (Fig. 5A,   C ), whereas the prM protein showed a more diffuse pattern (Fig. 5A, prM) . This is different to observations in mammalian cells, where the C protein predominantly localized to the nucleus (38) . The localization of the E protein was similar to the pattern observed for prM (data not shown). Interestingly, NS1 showed the same pattern of staining as C (Fig. 5A, NS1 ).
NS3 was observed as a large diffuse signal in the perinuclear region and the cytoplasm of infected cells (Fig. 5A, NS3 ). Under the same conditions, an anti-dsRNA antibody, which recognized the replicative intermediate form of the RNA, revealed a course speckled pattern at the perinuclear region and throughout the cytoplasm of infected cells (Fig. 5A, dsRNA) .
To further delineate the distribution of viral RNA, newly synthesized RNA was metabolically labeled with BrUTP in the presence of actinomycin D and the BrUTP-labeled RNA was stained with an anti-BrUTP antibody. In these samples, the speckled pattern of staining was also observed at the perinuclear region and cytoplasm of infected cells (Fig. 5B) .
Therefore, the pattern of staining observed for the dsRNA antibody represented the area where newly synthesized viral RNA was localized.
Immunoelectron microscopy reveals DENV replication sites
Immunoelectron microscopy was performed with the same set of antibodies to localize viral proteins on the DENV-induced membrane structures. NS1 proteins displayed a tendency to accumulate on the Ve membrane (Fig. 6A) , whereas NS3 proteins were more distributed in all areas of Ve (Fig. 6B) . NS5 was also associated with the vesicle structures on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from but predominantly localized in the nucleus of infected cells ( Fig. 6C and E) as expected from the immunofluorescence staining. Specific labeling of the vesicle structures by the dsRNA antibody was also observed (Fig. 6D) . In contrast, the E protein was not associated with the DENV-induced structures but appeared to be co-localized with virus particles (Fig. 6F ).
Combining the observation that NS1, NS3, NS5 and dsRNA were localized on the Ve, the results indicated that these vesicle structures function as the site for viral RNA replication.
Virus replication complex structures
Electron tomographic analysis of 250-nm section of DENV-infected C6/36 cells revealed large sac-like Vp with double layer membranes in the cytoplasm of infected cells (Fig. 7) . These structures were not observed from 2-D micrographs of chemically fixed DENV-infected C6/36 cells, which showed a single layer membrane surrounding the Vp.
Decoration of ribosomes implied that Vp were rough ER-derived virally modified structures ( Fig. 7 and 8 , and Movies S1, S2). We observed evidence of membrane connections between Vp and membrane sacs enclosing a number of virus particles (Fig. 8A-B and Movies S1, S2), suggesting functional association of these two structures, possibly linking RNA replication to virus particle budding. In addition, spherical core-less particles comprised of double layer membranes were observed within the Vp and ER membranes adjacent to virus particles ( Fig.   7 and Movie S1). These structures were similar in size to virus particles and are presumably the large form of subviral particles devoid of a viral genome. These observations imply that formation of infectious dengue virions and subviral particles take place in the same location.
The Ve are approximately 80-120 nm in diameter, are composed of single or double layer membranes and are enclosed within the Vp (Fig. 7 and Movie S1). In our study, the Tubular structures were also observed in our reconstructed tomograms (data not shown). These structures have two membrane layers and were located around the area of Vp and Ve. It is unclear whether these structures are surrounded with one ER membrane and connected to other virally modified structures. As previously mentioned, the CM structures were not observed in our tomography studies of DENV-infected C6/36 cells.
DENV budding at the Vp membrane
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Our electron tomography studies detected virus budding events within (or into) the Vp and also revealed virus particles and subviral particles located close to the Vp structures.
While immunoelectron microscopy was attempted with anti-prM, C and E antibodies, the binding of the antibodies were too weak to detect a signal in our studies. The data suggest that once the viral RNA -capsid protein complex is formed within the cytoplasm it is encapsidated by the Vp membrane containing E and prM proteins. Initially, the membrane curves to form the neck of the budding vesicle ( Fig.10B and C, right particle, Fig.10D , left particle), and then forms the neck (Fig. 10D right particle, Fig. 10C and B, left particle) to help drive the fission of the membrane of the virus particle into the Vp lumen ( Figure 10E , right particle, Figure 10A , left particle). The connection between viral membrane and Vp membrane implies that the virus particle is budding into the Vp ( Figure 10F ). Hence, these data support the hypothesis that Vp is the site for virus replication and budding.
DISCUSSION
TEM and ET were used to visualize membrane rearrangements induced by DENV within insect cells. In the ET studies we were able to resolve the morphological appearance of virus-induced structures by taking advantage of HPF and FS techniques to improve the quality of sample preservation. This approach provided us with the ability to achieve a higher resolution during imaging compared to conventional chemical fixation methods (21, 23, 24, 39) . Consistent with previous findings (21, 23, 24, 27) , three types of virally modified structures were observed: Vp, Ve, and T structures, which are also known as the "vesiculotubular structures" or "smooth membrane structures (SMS)." However, we were not able to identify paracrystalline arrays and crystalloid aggregates that were previously For RNA synthesis to occur within the lumen of the Ve, a pore is required to transport the building blocks from the cytoplasm. This pore allows the release of newly synthesized viral RNA into the cytoplasm for further encapsidation (22, 28, 47) . shown in panels A-E. The particle on the lower left has completed budding from the ER membrane whereas the particle on the right has a narrow neck connecting the viral and ER membranes.
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